The upper 38 m of Hole 722B sediments (Owen Ridge, northwest Arabian Sea) was sampled at 20 cm intervals and used to develop records of lithogenic percent, mass accumulation rate, and grain size spanning the past 1 m.y. Over this interval, the lithogenic component of Owen Ridge sediments can be used to infer variability in the strength of Arabian Sea summer monsoon winds (median grain size) and the aridity of surrounding dust source-areas (mass accumulation rate; MAR in g/cm 2 k.y."'). The lithogenic MAR has strong 100, 41, and 23 k.y. cyclicities and is forced primarily by changes in source-area aridity associated with glacial-interglacial cycles. The lithogenic grain size, on the other hand, exhibits higher frequency variability (23 k.y.) and is forced by the strength of summer monsoon winds which, in turn, are forced by the effective sensible heating of the Indian-Asian landmass and by the availability of latent heat from the Southern Hemisphere Indian Ocean. These forcing mechanisms combine to produce a wind-strength record which has no strong relationship to glacial-interglacial cycles. Discussion of the mechanisms responsible for production of primary Milankovitch cyclicities in lithogenic records from the Owen Ridge is presented elsewhere (Clemens and Prell, 1990 ). Here we examine the 1 m.y. record from Hole 722B focusing on different aspects of the lithogenic components including an abrupt change in the monsoon wind-strength record at 500 k.y., core-to-core reproducibility, comparison with magnetic susceptibility, coherency with a wind-strength record from the Pacific Ocean, and combination frequencies in the wind-strength record.
INTRODUCTION
The modern Arabian Sea summer monsoon has two dominant driving mechanisms: (1) differential heating of the southern Asia land-mass relative to the Indian Ocean, resulting in a northeast-southwest low level pressure gradient which drives southwest monsoon winds and (2) direct heating of the tropo-sphere via latent heat collected over the Indian Ocean, transported north via monsoon winds, and released through precipitation over the Indian Ocean and precipitated in the form of rain over the Indian-Asian landmass (Webster, 1987) . The release of latent heat directly into the troposphere increases the low pressure system over the Indian-Asia landmass strengthening the northeast-southwest pressure gradients established by differential sensible heating. Variability in the strength of these two mechanisms may also be partially responsible for variations in monsoon wind-strength over the geological past (Clemens and Prell, 1990) .
Strong winds and the proximity of arid source-areas result in a large flux of desert dust from the continents to the northwest Arabian Sea during the summer monsoon season (McDonald, 1938; Prospero, 1981; Ackerman and Cox, 1982; Prodi et al., 1983; Chester et al., 1985; Middleton, 1986; Savoie et al., 1987; Ackerman and Cox, 1988; Sirocko and Sarnthein, 1989) . Thus, one method of monitoring changes in this system over the geological past is to examine the lithogenic grain-size and mass accumulation rate (MAR in g/cm 2 k.y.~1) of Arabian Sea sediments.
Background and Previous Work
Recent monsoon-related research has focused on modern seasonal variations in the flux of eolian material from the surrounding deserts to the Arabian Sea. Meteorological observations of historical dust storm frequency indicate that the primary season of dust transport is during the southwest monsoon months of June, July, and August (McDonald, 1938; Prospero, 1981; Middleton, 1986) . These observations are consistent with satellite studies indicating that 90% of the atmospheric transcoastal dust transport takes place in June, July, and August (Sirocko and Sarnthein, 1989) . Results from sediment trap studies indicate that, in the western Arabian Sea, 80% of the lithogenic flux to the seafloor occurs during the southwest monsoon months of June through September indicating an instantaneous transfer of the atmospheric signal into the sedimentary record (Nair et al., 1989) . During the same months, lithogenic flux to the eastern Arabian Sea is 70% greater even though atmospheric dust flux to this region is negligible. Such observations indicate that the dominant lithogenic input to the western Arabian Sea is eolian in origin and that, in contrast, lithogenic input to the eastern Arabian Sea consists of sediment from Indus river runoff; 80% of the yearly runoff occurs during the southwest monsoon months and is transported to the southeast by oceanic surface currents (Milliman et al., 1984; Nair et al., 1989) .
Lithogenic grains found in the northwest Arabian Sea (median diameter up to 18.5 µm) can be transported on the order of a few thousand kilometers given atmospheric characteristics found in typical cyclonic storms and frontal systems (Tsoar and Pye, 1987) . These estimates of transport distance are consistent with satellite studies which indicate that major source-areas for dust during the modern summer monsoon include the Somali and Arabian Peninsulas and that the transporting winds include the southwest monsoon winds as well as northwest winds off Arabia (Grigoryev et al., 1971; Ackerman and Cox, 1982; Middleton, 1986; Ackerman and Cox, 1988; Sirocko and Sarnthein, 1989) .
In summary, modern observations indicate that lithogenic material deposited in the northwest Arabian Sea is dominantly eolian and is transported almost exclusively during the summer monsoon season. Such observations provide a solid framework for the study of lithogenic material over geological time scales using cores recovered from the Owen Ridge (Fig. 1) .
The Owen Ridge, located 350 km off the coast of the Arabian Peninsula, is well suited to receiving and preserving the eolian signal over the past several million years. The ridge roughly parallels the coast of Oman, rising 1500 m above the Oman Basin to the northwest and 2000 m above the Indus Fan to the southeast (Fig. 1) . Previous work on Owen Ridge piston-core RC27-61 (Clemens and Prell, 1990) has shown that over the past 370 k.y: (1) the lithogenic component of Owen Ridge sediments is of eolian origin; (2) the lithogenic mass accumulation rate (MAR) is an effective proxy indicator of source-area aridity (increased aridity during glacial periods results in decreased vegetation cover and increased soil deflation); (3) the median grain size of the lithogenic component is an effective proxy indicator of summer monsoon wind-strength (increased wind-strength resulting in the transport of larger grains); (4) both the MAR and 76'E, 2028 mbsl), piston core RC27-61 (16°37.5'N, 59°51.7'E, 1890 mbsl), piston core RC17-98 (13°13'S, 65°37'E; 3409 mbsl), sediment trap site (16°19'N, 60°28'E, 3000 m water depth; Nair et al., 1989) , and a record of loess from central China (Kukla et al., 1988) . The arrows represent the directions of dust-transporting summer winds. The lower figure is a schematic profile of the Owen Ridge, perpendicular to the ridge axis, showing the location of Site 722, core RC27-61, and the sediment trap (-70 km east-southeast of RC27-61 and Site 722).
grain size are consistent with independent proxy indicators of aridity and southwest monsoon wind-strength; (5) both the MAR and grain size are coherent with precessional insolation (referenced to 21 June) and with one another, but exhibit a phase difference of 8 k.y. (maximum grain size lags maximum insolation by 9 k.y. while maximum MAR leads maximum insolation by 6 k.y); (6) the aridity lead can be attributed to climatic changes associated with glacial-interglacial cycles; and (7) the windstrength lag can be accounted for by interaction between insolation and global/local snow and ice volume changes which alter the effective sensible heating (albedo) of the Asian continent and by the availability of latent heat supplied by the Southern Hemisphere Indian Ocean. The phase relationships discussed above are summarized in Figure 2 . Work thus far indicates that phase relationships from Hole 722B sediments, spanning the last 1 m.y., are consistent with those derived from Core RC27-61 sediments (0-370 k.y.).
PRECESSION (23 ky) (June 21 perihelion)
Max. lithogenic MAR 90° (5.75 k.y. lag) Figure 2 . Phase wheel for climatic indices. A phase wheel is a diagram for keeping track of phase relationships between climatic indices and external climatic forcing mechanisms (precession in this case). Zero phase is located at the top of the circle. The phase difference between minimum precession of the Earth's orbit (maximum precessional insolation) and a given climatic record is plotted as a vector whose angle is measured clockwise (+ , lagging) or counterclockwise (-, leading) from the zero point. The shaded area centered on a given vector represents the error associated with the phase estimate. With respect to the precession cycle, minimum ice volume, as indicated by oxygen isotopes, lags maximum insolation by 5 k.y. (79°). Maximum monsoon wind-strength follows about 4 k.y. later as indicated both by maximum percent G. bulloides (summer monsoon upwelling index) and maximum lithogenic grain size (summer monsoon wind-strength index). The grain-size record is in phase with both the G. bulloides upwelling index and the RC17-98 SST record (latent heat index). Finally, maximum continental aridity follows about 9 k.y. later as indicated by maximum lithogenic MAR (dust-source-area aridity index) and the Luochuan magnetic susceptibility record (central China aridity index; Kukla et al., 1988) both of which are in phase with maximum ice volume as indicated by oxygen isotopes.
Objectives
The objectives of this study are as follows: (1) to measure the weight percent, MAR, and grain size of the lithogenic component from the top 38 m of Hole 722B, thus extending the length of the Owen Ridge eolian records from 370 k.y. (RC27-61) to 955 k.y.; (2) to demonstrate the reproducibility of the extraction procedure and grain-size measurements for two different cores from the same region; (3) to evaluate the paleoclimatic significance of the magnetic susceptibility record by comparison to the lithogenic records; (4) to demonstrate for the first time interocean coherence for wind-strength records; and (5) to examine the nonlinear frequencies (combination frequencies) present in the wind-strength record.
METHODS
Sediments used in this study are from lithologic unit I (Shipboard Scientific Party, 1989) , and are composed of alternating light and dark layers of foraminifer-bearing nannofossil ooze and marly nannofossil ooze. The upper 38 m of Hole 722B (100% recovery) was sampled at 20 cm intervals. The resulting record spans the past 1 m.y. before present. The 20 cm sampling interval, combined with an average sedimentation rate of 4.6 cm/k.y. yields 4.3 k.y. resolution.
The lithogenic component was isolated by a wet chemical extraction procedure, allowing measurement of the lithogenic weight percent, MAR, and median grain-size diameter (µm; volumetric distribution). A detailed description of the extraction procedure and the laboratory techniques used in grain-size measurements is published elsewhere (Clemens and Prell, 1990) . Precision of the analyses for Hole 722B samples, based on a set of 19 replicates, is ±0.2 µm for the grain-size measurements and ±0.5 wt% for the lithogenic percent measurement (mean half-range).
The age model for the upper 780 k.y. of Hole 722B was developed by correlation of the oxygen isotope record from Hole 722B to the SPECMAP stacked oxygen isotope record (Imbrie et al., 1984) . The age model for the portion 780 to 954 k.y. was developed by correlation of the Hole 722B oxygen isotope record to the Atlantic Site 607 oxygen isotope record (Ruddiman et al., 1989) followed by tuning to orbital obliquity. The differences between the record tuned to obliquity and that correlated directly to the Site 607 record were negligible. The age model for the top 40 m of Hole 722B is presented in Table 1 (see also Prell, this volume).
MAR's were calculated by multiplying the linear sedimentation rates (LSR; cm/k.y.) derived from the age model (Table 1) with the dry bulk density (g/cm 3 ) and the lithogenic percent (Table 2 ). Dry bulk density values for samples used in this study were derived from the GRAPE wet bulk density log (Busch, this volume) using the following procedure. A spline curve was fit to the GRAPE wet bulk density (GWBD) record and sampled at the depths for which discrete dry bulk density (DDBD) values were measured aboard ship. From these data, a linear regression equation was derived allowing estimate of DDBD values from the GWBD record (DDBD = -1.2664 + 1.3481(GWBD); R = 0.84, n = 30}.
For the purposes of spectral analysis, the records have been interpolated at 2 k.y. intervals. Evaluation of the temporal resolution between adjacent samples indicates that the lithogenic record will provide reliable estimates in the frequency domain over all the primary Milankovitch frequency bands (400, 100, 41, 23, and 19 k.y.). All analyses were carried out using standard techniques (Jenkins and Watts, 1968; Imbrie et. al., 1989) .
Below we present and discuss our lithogenic records and their relationship to several somewhat distinct topics. We discuss the lithogenic records in relation to: (1) dust source-area aridity and summer monsoon wind-strength over the past million years; (2) intercore reproducibility of the lithogenic records; (3) magnetic susceptibility; and (4) combination frequencies in the Hole 722B wind-strength record and coherence with eolian records from the Pacific Ocean. We present each topic and discussion separately.
LITHOGENIC COMPONENT (HOLE 722B)
Lithogenic Time-Series Records of the lithogenic percent, MAR (proxy for sourcearea aridity), and the median grain size (proxy for summer monsoon wind-strength) are plotted in Figure 3 (Table 2 ). The lithogenic component accounts for 14%-51% of the sediment by weight; the remainder is composed of biogenic carbonate (52%-83%) and small amounts of biogenic opal (0%-5%). The lithogenic MAR ranges from 0.25 to 4.2 g(cm 2 k.y.)" 1 and is positively correlated with the lithogenic percent. The lithogenic grain size ranges from 12.4 to 18.3 µm and varies with a higher frequency than the lithogenic percent and MAR records. Unlike the lithogenic percent and MAR records, the grain-size record shows a distinct change in amplitude at 500 ka. Mean grain size over the 954-500 k.y. interval is 15.2 ± 1.22 µm, decreasing to 14.5 ±0.82 µm over the interval from 500 k.y. to 6 k.y. (Fig. 3) . This change does not appear to be coincident with any distinct changes in the magnetic susceptibility, isotopes, lithogenic percent, or lithogenic MAR records. 
Discussion

Lithogenic MAR
The lithogenic percent and MAR records show a strong negative correlation with the oxygen isotope record indicating increased dust accumulation during more arid, glacial periods. The glacial aridity of Somali (Street and Grove, 1979; Van Campo et al., 1982; Street-Perrott and Harrison, 1985) , Arabia (Van Campo et al., 1982) , and Asia (Kukla, 1987; Kukla et al., 1988; Hovan et al., 1989) has been documented through the study of lake levels, pollen, and glacial loess sections. The relationship between increased glacial aridity and increased dust accumulation in Owen Ridge sediments has been investigated using sediments from piston core RC27-61 (Clemens and Prell, 1990 ). Clemens and Prell conclude that, over the primary Milankovitch periods (100, 41, and 23 k.y.), the lithogenic MAR is forced externally by orbital insolation and internally by global ice-volume through its influence on the hydrological cycle, resulting in increased aridity, decreased vegetation cover, and increased deflation during glacial intervals. Work on Hole 722B sediments indicates that these relationships can be confidently extended over the past million years. Visual inspection of the Hole 722B lithogenic percent and MAR records indicates that a dominant, low frequency (~ 100 k.y.) cyclicity is established between 600 and 700 k.y. (Fig. 3) . A similar transition is seen in the Hole 722B δ 18 θ record. The age of these transitions is consistent with that of the transition in the Site 607 δ 18 θ record from the North Atlantic (Ruddiman et al., 1989) supporting the hypothesis that lithogenic flux to the Arabian Sea is influenced by glacial-interglacial climate changes associated with global ice-volume. Even in the absence of the large-amplitude 100 k.y. cyclicity (700 to 1000 k.y.) the lithogenic MAR record is still highly correlated to the δ 18 O record. This suggests that aridity remains coupled to climatic changes associated with global ice-volume despite decreased ice-mass during this period.
In addition to these results, the Hole 722B MAR record allows us to address the Owen Ridge sediment budget on both geological and modern time-scales. Because Owen Ridge sediments (0-1 Ma) are composed largely of two components (lithogenic elastics and biogenic carbonate) and because the lithogenic flux and weight percent increase during glacial periods, we might attribute variation in the carbonate percent record to dilution by lithogenic material. We find that carbonate percent is negatively correlated with lithogenic percent but that the carbonate MAR is positively correlated with lithogenic MAR (see Murray and Prell, this volume) indicating that variation in the carbonate percent record is indeed a function of dilution by lithogenic material.
Considering the modern sediment budget, Nair et al., (1989) • yr)-1 to the seafloor (Savoie et al., 1987) .
While the aerosol and sediment core estimates agree reasonably well, the trap estimate is low, accounting for only 25% of that estimated by the sediment cores; an unexpected result considering that the trap is located on the Indus Fan, 1000 m deeper than the ridge crest. Indus Fan core RC27-62 (16°10'N, 60°41 'E), located ~ 25 km east-southeast of the trap, indicates an average lithogenic MAR of 18 g (m 2 yr)-1 at 4000 m. These comparisons indicate an anomalous lithogenic flux during the deployment year or that the trap is an inefficient collector. Although the sediment trap data and the geological records are consistent in terms of the seasonality of lithogenic flux and the mechanism of lithogenic transport to the Arabian Sea (see "Background and Previous Work" section), they are not consistent in their estimates of absolute fluxes.
Lithogenic Grain Size
The grain-size record is not well correlated to either the lithogenic percent or MAR records. Unlike the lithogenic percent and MAR, the grain size is a relatively high-frequency record and does not exhibit a clear visual correlation with the δ 18 θ record. These observations indicate that (1) monsoon wind-strength has a somewhat more complex response to climatic forcing mechanisms than does aridity and (2) source-area aridity is not necessarily dependent on monsoon strength.
Analysis of core RC27-61 indicates that the grain-size record has significant coherency with the Earth's orbital precession band, with global ice volume (δ 18 θ), and with latent-heat availability as monitored by Southern Hemisphere Indian Ocean sea surface temperature (SST). The phase relationships between these records (Fig. 2) indicate that the grain-size record is externally forced by precessional insolation, and internally forced by interactions between global ice volume and the availability of latent heat, both of which act in similar directions to determine the strength of the summer monsoon winds (Clemens and Prell, 1990) . Analysis of the grain-size record from Hole 722B indicates that these relationships do not change appreciably over the past million years. We do, however, find a consistent phase discrepancy between records from RC27-61 and Hole 722B whereby RC27-61 leads Hole 722B (1-3 k.y.) over all Milankovitch bands for both the lithogenic and carbonate components. This is also true, though to a much lesser extent (< 1 k.y.), for the oxygen isotope records. We find that these discrepancies occur over the section of the record (0-600 k.y.; Fig. 4) where the low sedimentation rate intervals average ~2 cm/k.y. and are of long duration. Over the section of the record in which the low sedimenta- . From top to bottom; δ 18 θ, lithogenic MAR (dust source-area aridity), lithogenic percent, volume magnetic susceptibility, and median grain-size diameter (summer monsoon wind-strength). Both the lithogenic percent and MAR records show a strong negative correlation with the isotope record. Unlike the lithogenic percent and MAR, the grain size (summer monsoon wind-strength) exhibits higher frequency variability and shows no clear visual correlation with the isotope record. The magnetic susceptibility record is well correlated with the lithogenic percent record. The dashed lines on the grain-size record represent one standard deviation about the mean for the intervals 0-500 k.y. and 500-954 k.y. tion rate intervals are short in duration and average ~3 cm/k.y., the phases compare well (600-954 k.y.; Fig. 4) . We thus conclude that the phase differences can be attributed to the lower resolution sampling interval used in Hole 722B compared to that used for RC27-61 (20 cm compared to 10 cm).
A first-order interpretation of the upcore grain-size decrease is that it indicates a decrease in summer monsoon wind-strength. The dashed lines (Fig. 3) represent one standard deviation about the mean for the intervals 0-500 k.y. and 500-954 k.y. The lower standard deviation lines over both intervals vary little compared to the upper lines indicating that the weaker monsoons remained unchanged but that the stronger monsoons became weaker over the interval 500 k.y. to present. The grain-size change, however, is not paralleled in the Globigerina bulloides upwelling record, an independent record of wind-strength (Prell, this volume) . We take this to indicate (1) a decoupling of the two records over the interval from 500 to 954 k.y., or (2) that the change in the grain-size record is not the result of a change in monsoon strength but possibly a change in the lithogenic source. For example, the loss of a nearby source-area could account for a grain-size decrease without a change in windstrength nor a measurable change in the total flux. Such change could be accomplished via physical mechanisms related to lofting potential of lithogenic material or by a shift in wind patterns or direction. The Pliocene-Pleistocene orogeny of the Zagros mountains and the associated development of the modern Persian Gulf (Kassler, 1973) are local tectonic events that could certainly influence source-area lithology, distribution, and local wind patterns especially in terms of the northwesterly Shamal winds over Arabia (Pye, 1987) .
Finally, we point out that the abrupt decrease in grain size occurs about 100 k.y. after the transition to dominant 100 k.y. cyclicity in the δ 18 θ, lithogenic percent, and lithogenic MAR records but simultaneously^) with the disappearance of spectral power near the 41 k.y. obliquity periodicity (discussed below). This indicates that the change is not related to large-scale vegetation changes (due to aridity) or to source-area differences related to sea-level changes but that it may be causally related to a change in the sensitivity of monsoon strength to insolation forcing over the obliquity band.
We are thus left with competing hypotheses to be addressed in future work. The decoupling of the grain size and G. bulloides records can be tested by spectral comparisons over the interval from 500 to 954 k.y. The hypothesis postulating changing source-areas can be tested by investigating changes in the mineralogical composition of the sediments across the transition; sediments from different source-areas may have different compositions. The synchronous(?) relationship between the decrease in grain size and the loss of spectral power near the 41 k.y. periodicity can be evaluated using evolutive spectral analysis, a technique applied in order to look at the evolution of spectral power in a time-series record (Pestiaux and Berger, 1984; Berger and Tricot, 1986) .
Intercore Reproducibility of the Lithogenic Record A primary concern in the generation and interpretation of paleoceanographic data is its reproducibility both in terms of laboratory technique (see "Methods" section) and core-to-core reproducibility. Reproducibility between cores is one measure of the regional/local homogeneity or stability of depositional processes. Documenting reproducibility is an important step in establishing the credibility of paleoceanographic data. However, the replication of records is both expensive and time-intensive and is often not accomplished.
Here we compare lithogenic measurements from Hole 722B with those from piston core RC27-61 (Clemens and Prell, 1990) . Both cores are located atop the Owen Ridge, separated by only 6 km and 140 m water depth. The comparisons indicate that the major and most minor features of both records are reproducible on a core-to-core basis (Fig. 5) .
Discussion
The weight percent and grain-size variations are similarly preserved core-to-core despite 25% greater sedimentation rate in Hole 722B compared to RC27-61. We interpret the reproducibility of the lithogenic records as indicating that the eolian depositional signal is regionally strong, coherent, and well preserved.
The lower sedimentation rate in RC27-61 indicates possible winnowing of the fine fraction (lithogenic and/or carbonate) and/or a difference in trapping efficiency (pre-depositional winnowing). If these mechanisms involve the lithogenic component, we might expect RC27-61 to exhibit lower lithogenic percent and larger grain size compared to Hole 722B. This is not the case (Fig. 5) , indicating that either the decrease in sedimentation rate is not due to changes in the lithogenic component or that the percent and median grain-size measurements are not sensitive to such differences.
Paleoclimatic Implications of Magnetic Susceptibility
The magnetic susceptibility of deep-sea sediments, a measure of the ease with which the sediment can be magnetized, depends upon the concentration of ferrimagnetic minerals (primarily magnetite), usually occurring in trace amounts (Thompson and Oldfield, 1986; p. 21-38, 141-152) . The origin of ferrimagnetic minerals in deep-sea sediments is primarily lithogenic but can also be biogenic, diagenetic, cosmic, and hydrogenous (Thompson and Oldfield, 1986; p. 141-152) . The lithogenic record from Hole 722B provides an ideal data set with which to constrain the origin of magnetically susceptible material found in Owen Ridge sediments (Table 3 ; Shipboard Scientific Party, Site 722) and the utility of the susceptibility signal as a paleoclimatic indicator.
Visual comparison between the susceptibility and lithogenic data (Fig. 3) shows that, except for the upper 190 k.y., the lithogenic percent and the volume magnetic susceptibility records are nearly identical in both the timing and relative amplitude of major and minor events. The high-amplitude magnetic susceptibility signal in the upper 190 k.y. (possibly diagenetic in nature) has been truncated in order to make a detailed comparison over the larger interval from 190 to 954 k.y. More rigorous comparisons between the magnetic susceptibility and the lithogenic percent can be accomplished through the use of simple regression and cross spectral analysis.
A simple linear regression between the lithogenic percent and magnetic susceptibility, over the interval from 190 to 954 k.y., indicates a strong positive relationship (R = 0.91, n = 150; Fig. 6A ). This strong correlation is also found in the frequency domain (Fig. 6B) . Cross-spectral comparison shows very strong coherency and zero phase relationships over the entire spectrum indicating a positive linear relationship between increased con- 
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Discussion
The volume magnetic susceptibility record from the Owen Ridge is clearly an excellent proxy for the lithogenic percent. This finding indicates that the ferrimagnetic minerals responsible for the signal are terrestrial in origin and wind-transported to the Owen Ridge. Similar to other concentration measurements, the magnetic susceptibility record is subject to dilution by nonmagnetic components such as biogenic opal and carbonate, and cannot be considered a lithogenic MAR signal. However, given the excellent correlation between the lithogenic percent and magnetic susceptibility, a simple regression equation (Fig. 6A) can be derived to convert magnetic susceptibility to lithogenic concentration. Multiplication of the converted record by the linear sedimentation rate and the dry bulk density would then provide a high resolution MAR record which can be used as a proxy for past changes in source-area aridity.
Grain-Size Record: Combination Frequencies and
Interocean Coherence Unlike the weight percent, MAR, and magnetic susceptibility records, the grain-size record shows a distinct change in amplitude at 500 k.y. (Fig. 3) . For the purpose of spectral analysis, we divided the grain-size record into two parts (6-500 k.y. and 500-954 k.y.) in order to avoid nonstationary changes in the frequency domain.
In addition to spectral peaks (concentrations of variance) associated with primary Milankovitch periods (400, 100, 41, 23, and 19 k.y.), our analyses revealed a number of peaks which cannot be related directly to Milankovitch forcing (Fig. 7A, B) . For the precessional peaks (19 and 23 k.y.), we understand some of the physical interactions between internal and external forcing mechanisms which determine the strength and timing of monsoon winds (see "Background and Previous Work" section; Clemens and Prell, 1990) . However, the precessional peaks account for a relatively small, though important, portion of the total variance. Spectral peaks at non-primary Milankovitch periodicities account for a significant portion of the total variance but are not well understood. These peaks are, however, near those associated with combinations (cross-products) of the primary Milankovitch frequencies and may reflect nonlinear interactions within the climate system (Saltzman et al., 1984; Le Treut et al., 1988; Pestiaux et al., 1988; Pisias and Rea, 1988; Ghil, 1989) .
The spectrum over the interval from 6 to 500 k.y. indicates power centered near 59, 33, and 28 k.y. in addition to the primary Milankovitch frequencies near 400, 100, 23, and 19 k.y. (Fig. 7A) . Over the interval from 500 to 954 k.y. there is an additional peak centered at 47.6 k.y. (Fig. 7B) . The shorter periodicities ( ~ 17 k.y.) approach the limit of our spectral resolution (Nyquist frequency). We thus hesitate to place confidence in these spectral peaks. The 33 and 28 k.y. periodicities are near the cross-product frequencies of precession and obliquity (1/19 -1/41 = 1/35.4), precession and eccentricity (1/23 -1/100 = 1/29.9), and eccentricity and obliquity (1/100 + 1/41 = 1/ 29.1). The 59 k.y. peak encompasses power at 52 k.y. possibly associated with precession and obliquity (1/23 -1/41 = 1/ 52.4). The broad spectral peak centered on 47.6 encompasses power at both the 41 k.y. obliquity band and the 52 k.y. precession-obliquity cross-product (1/23 -1/41 = 1/52.4).
In addition to an association with combination frequencies of the primary Milankovitch bands, the 52 k.y. period (within the peak centered on 59 k.y.) and 29 k.y. period are singled out (1) by the fact that direct insolation forcing associated with variations in the Earth's obliquity cycle occurs with periodicities of 54 and 29 k.y. (Berger, 1984) and (2) because similar periodicities have been found in eolian grain-size records from the central equatorial Pacific (Pisias and Rea, 1988) . Pisias and Rea (1988) found a strong 31 k.y. period in the grain-size record from RC11-210, a record used to monitor the strength of southeast trade winds in the equatorial Pacific. Variance within the 31 k.y. spectral peak was shown to be coherent with the cross-product of eccentricity and obliquity (1/100 + 1/41 = 1/29.1) over the interval from 402 to 774 k.y.; the younger interval of the core was excluded from the analysis due to uncertainty of the age model.
The Hole 722B grain-size record, of comparable length to RC11-210, allows for interocean comparison of wind-strength records. Coherence between these two records from opposite sides of the Earth would indicate a global link between the paleo-monsoon in the Indian Ocean and the paleotrade winds of the Pacific. We compare the Hole 722B and RC 11-210 records over the interval from 500 to 774 k.y. in order to be consistent with the study published by Pisias and Rea (1988) . We also compare the records over the interval from 6 to 248 k.y, an interval for which the initial age-model has been refined by carbonate correlation to a nearby core with a higher resolution age model (W8402A-14GC) (Murray, in press ). Over the 500-774 k.y. interval, weak, but significant, coherence and zero phase is demonstrated for the 29 k.y. periodicity (eccentricity-obliquity crossproduct). We note, however, that the coherence is not associated with clearly resolved spectral peaks (RC11-210, Fig. 8A ). The 6-248 k.y. comparison indicates that the records share strong coherence and a zero phase relationship for the 52 k.y. periodicity (precession-obliquity cross-product) though the peak in Hole 722B is relatively small compared to that of RC11-210 (Fig. 8B) .
Discussion
Interocean Coherence
The coherence and zero phase relationships between grainsize records from the Arabian Sea and the central equatorial Pacific lend support to the hypothesis that the 52 and 29 k.y. periodicities are climatically meaningful features of both records. The coherence, however, for the 500 to 774 k.y. comparison is somewhat bandwidth-dependent and not associated with a clearly resolved peak in the RC11-210 record. However, our confidence is bolstered by (1) the zero phase relationship and small phase error, (2) the fact that 29 k.y. periodicity in both records is coherent with the eccentricity-obliquity cross-product (discussed below), and (3) the independence of the two age models which argues against the coherence being an artifact of the analysis. The same arguments bolster our confidence in the coherent relationship over the 52 k.y. period for the 6-248 k.y interval.
The modern Indian Ocean monsoon and Pacific trade winds are linked on the interannual scale via a wind anomaly which originates in the Indian Ocean and travels eastward across the equatorial Pacific, possessing characteristics similar to that of a Kelvin wave (Barnett, 1984a, b) . This atmospheric anomaly exerts a strong influence on Pacific Ocean sea-surface temperature (SST) and appears to be sustained by the release of latent heat associated with a precipitation anomaly which travels with, and is phase-locked to the wind anomaly. Such observations are broadly consistent with our finding that the Pacific and Indian Ocean wind systems are coupled over geological time scales.
The inference of a global link between paleo-wind fields of the Pacific and Indian Oceans is a topic that should be explored in greater depth beginning with a detailed comparison of the respective age-models in order to identify and compensate for possible inconsistencies. Further comparisons, including faunal wind-strength indicators (the G. bulloides upwelling record from Hole 722B and the divergent radiolarian assemblage from RC11-210), will then help to answer the following questions: (1) do the faunal records of wind-strength also show interocean coherence?, and (2) will comparison of the faunal and lithogenic records help to isolate that portion of variance in the faunal records which is due to nutrient forcing from that which is due to direct wind forcing (e.g., intermediate to deep-water nutrient stratification)? A better understanding of these relationships will help define the nature of the physical link between the Pacific southeast trades and the Indian Ocean monsoon over late Pleistocene (Barnett, 1983 (Barnett, , 1984a .
Combination Frequencies
As previously discussed, two possible origins for the 52 and 29 k.y. periodicities in the Hole 722B grain-size record include (1) direct forcing by the 54 and 29 k.y. components of obliquity and/or (2) nonlinear responses of the climate system to insolation forcing at the primary Milankovitch frequencies, resulting in cross-product, or combination frequencies. In terms of combination frequencies, the 52 k.y. variance is near the cross-product of precession and obliquity (1/23 -1/41 = 1/52.4) while the variance at 29 k.y. is near both the cross-products of precession and eccentricity (1/23 -1/100 = 1/29.9) and eccentricity and obliquity (1/100 + 1/41 = 1/29.1). Our analyses of these possibilities, for the same intervals over which we find coherence with the RC11-210 grain-size record, indicates low coherence with both the 54 and 29 k.y. component of obliquity (spectrum not shown). We do, however, find significant coherency with the precession-obliquity cross-product (52 k.y.; Fig. 9 ) and significant coherency with both cross-products yielding periodicities near 29 k.y., though the eccentricity-obliquity crossproduct is stronger (Fig. 10) . We interpret these findings as indicating that the variance at 52 and 29 k.y. is not linearly related to direct insolation forcing but reflects nonlinear response of the monsoon system to insolation forcing associated with the primary Milankovitch bands.
Variance encompassed within the broad spectral peak centered on 47.6 k.y. spans periodicities from 37 to 62 k.y. (Fig.  7B) . Preliminary analyses indicate significant coherence with the 41 k.y. obliquity cycle but also with the 52 k.y. precessionobliquity cross-product (spectra not shown). These findings indicate that the majority of variance within this peak is related to obliquity but not necessarily in a linear fashion.
Recent work using low-order, time-dependent, dynamic climate models to study climatic variations inferred from the marine oxygen isotope record has provided insight into the possible mechanisms responsible for combination frequencies found in deep-sea paleoclimate records (Saltzman et al., 1984; Le Treut et al., 1988; Ghil, 1989) . Saltzman et al., (1984) employ equations accounting for the mass balance of continental ice-sheets (accumulation/ablation), marine ice-sheets, and mean ocean temperature (hydrological cycle). When externally forced by insolation changes due to the Earth's orbital variations, the model produces variability unaccounted for by either the insolation forcing or free oscillations due to internal feedback mechanisms within the model (e.g., Saltzman et al., 1984; Fig. 6 ) indicating a nonlinear interaction between the external forcing and internal climatic feedbacks.
Le Treut et al., (1988) model the coupled effects of global mean temperature, the extent of continental ice (accumulation/ ablation), and bedrock deflection under the ice-sheets in order to predict climatic oscillations in marine and ice-core oxygen isotope records. Their results indicate that ice-albedo feedback, temperature dependence of the hydrologic cycle, and bedrock deflection, are key internal climatic mechanisms to which the model response is highly nonlinear when forced by external (orbital) insolation variations. Ghil (1989) differentiates between the terms "entrainment," "chaos," and "combination frequencies," in an orbitally forced model which includes radiation balance (ice-albedo feedback), ice mass balance (precipitation-temperature feedback), and isostatic rebound (bedrock deflection). Ghil finds that, in the absence of external forcing, the model oscillates with an internal periodicity of 10 k.y. With small amounts of single-frequency orbital forcing applied to the model during its internal oscillation mode, Ghil finds a total transfer of variability from the internal periodicity (10 k.y.) to the forcing frequency, a response he terms "entrainment." With increased strength of single-frequency external forcing, the power spectrum becomes continuous and the system is termed "chaotic." Finally, with multifrequency precessional forcing at both the 23 and 19 k.y. periodicities, the model produces "combination frequencies" similar to those found in high resolution paleoclimatic records from the deep sea.
These models share a general mechanism for production of combination frequencies. The combination frequencies are the result of interaction between external insolation forcing and some form of internal feedback mechanism within the climate sys- 56.4 -5G .
-11.3.--. 6B caption for details of plot) between Hole 722B grain size and the cross-product of precession and obliquity (6-248 k.y.). Significant coherence for the 52 k.y. periodicity supports the argument that this cyclicity is a climatically meaningful characteristic of the record and may reflect a nonlinear response of the monsoon to external insolation forcing.
tern. These results provide the basis for a first-order interpretation of the combination frequencies observed in the geological record of monsoon strength. Based on model results we hypothesize that combination frequencies in the monsoon wind-strength record could be the result of nonlinear interaction between external insolation forcing and an internal climatic feedback mechanism (internal oscillation) produced by an interdependence of snow/ice cover on the Asian Plateau (negative albedo feedback; decreased sensible heating) and the availability of moisture (positive latent heat feedback; increased tropospheric heating). This interaction transfers and amplifies the variability of the internal oscillation (of unknown frequency) to combination frequencies of the external forcing producing the spectrum exhibited by the grain-size record, a mix of primary orbital frequencies and combination frequencies. If the modern interaction between the Indian and Pacific Ocean wind fields can be used as an analogue for past interactions, then we suggest that these same climatic feedbacks may also play a role in producing 29 and 52 k.y. periodicities in the Pacific wind records. SUMMARY 1. The lithogenic component of sediments from the Owen Ridge provides reliable proxy indicators of dust source-area aridity (lithogenic MAR) and the strength of southwest monsoon winds (lithogenic grain size). The lithogenic MAR indicates enhanced aridity during glacial intervals. The grain-size record is more complex, indicating that summer monsoon wind-strength is strongly influenced by insolation variations due to the Earth's orbital precession, by local and/or global snow/ice-volume changes, and by the availability of latent heat. The interaction of these components yields a record which has no strong relationship to glacial-interglacial cycles.
2. Comparison between the lithogenic percent and grain-size records from Hole 722B and RC27-61 indicates reliable core to core reproducibility. These findings indicate that the eolian signal is regionally strong, coherent, and well preserved despite minor local differences in depositional dynamics.
3. Magnetic susceptibility of sediments from the Owen Ridge is an excellent proxy for lithogenic percent indicating that the ferrimagnetic minerals responsible for the signal are terrestrial in origin and transported to the Owen Ridge via summer winds. Because of the strong positive correlation between magnetic susceptibility and lithogenic percent, the magnetic susceptibility can be cast in terms of lithogenic MAR to produce a very high resolution (~ 1 k.y.) record of aridity for the Somali and Arabian source-areas.
4. The lithogenic grain-size record shows a distinct decrease in amplitude over the interval 500 k.y.-present compared to the interval 954-500 k.y. This change, however, is not paralleled in the G. bulloides upwelling record (Prell, this volume) . We are thus left with competing hypotheses to be addressed in future work: (a) the decreased amplitude represents a relatively weaker monsoon and thus a decoupling of the grain size and G. bulloides records over the interval from 500 to 954 k.y., and/or (b) the decrease does not represent weaker monsoon strength but may be related to changes in source-area possibly resulting from the Pliocene-Pleistocene orogeny of the Zagros mountains and the associated development of the modern Persian Gulf. Fig. 6B caption for details of plot) between Hole 722B grain size and the cross-product of eccentricity and obliquity (500-774 k.y.). Significant coherence for the 29 k.y. periodicity supports the argument that this cyclicity is a climatically meaningful characteristic of the record and may reflect a nonlinear response of the monsoon to external insolation forcing.
5. The Hole 722B grain-size record shows significant coherence and zero phase relationships with the RC11-210 grain-size record from the equatorial Pacific for periods at 52 and 29 k.y. These findings indicate a strong positive relationship between the paleo-strength of the Indian Ocean summer monsoon and the Pacific Ocean southeast trades, possibly analogous to modern interannual relationships between the wind fields of these oceans.
6. The 52 and 29 k.y. periodicities in Hole 722B are significantly coherent with the cross-products of eccentricity and obliquity (29 k.y.) and precession and obliquity (52 k.y.) supporting the argument that these periodicities are real characteristics of the record and may be the result of nonlinear interactions with in the climate system. The broad spectral peak centered on 47.6 k.y. in Hole 722B shows coherence both with the 41 k.y. obliquity cyclicity and with the 52 k.y. component of the precession and obliquity cross-product indicating that this variance is related to obliquity but not necessarily in a linear fashion. 7. Climate model results provide a framework for a first-order interpretation of the combination frequencies in the Owen Ridge grain-size record. Combination frequencies could be the result of nonlinear interaction between external insolation forcing and an internal climatic feedback mechanism (internal oscillation) produced by an interdependence of snow/ice cover on the Asian Plateau and the availability moisture from the Indian Ocean.
8. We point out that the coherencies associated with the 52 and 29 k.y. frequencies discussed in this paper are relatively weak, somewhat bandwidth-dependent, and not always associated with clearly resolved spectral peaks. However, we feel justified in presenting them as important features because: (a) independent records from the Indian and Pacific Oceans are coherent and in phase over these periods; (b) the 29 and 52 k.y. periods are coherent with combination frequencies of the primary Milankovitch bands, providing an external-forcing framework within which to begin interpreting our findings; and (c) there is a modern interannual coupling between the Indian and Pacific Ocean wind fields and SST's (both of which can be monitored in the geological record) possibly providing a modern analogue framework within which we can begin to study the internal mechanisms responsible for the coupling observed in the geological records.
